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Ethanol from Biomass: Economic and Environmental Potential of Converting Corn Stover 
and Forest Residue in Minnesota 
 




Research was undertaken to determine the economic feasibility and environmental impact 
of harvesting corn stover and hardwood forest residue in Minnesota and surrounding states for 
conversion to fuel ethanol at facilities located in Minnesota.  It was estimated that only 7 of the 
total 41 million dry tons of corn stover produced and 3 of the 6.5 million dry tons of hardwood 
residue produced in the study region would likely be harvested each year.  From these quantities, 
it would be physically feasible to produce about 874 million gallons of ethanol annually.  It was 
estimated that 200 million gallons could be harvested at a delivered feedstock cost below $40 per 
ton.  Results indicate further that ethanol derived from corn stover would be cost competitive 
with corn-grain ethanol, and that hardwood residue-derived ethanol would be about $0.16 per-
gallon higher than the upper-bound cost for corn-grain ethanol.  Furthermore, this work indicates 
that large-scale substitution of petroleum gasoline with biomass-derived ethanol would have 
huge impacts with respect to reducing greenhouse gas emissions, although SOx emissions would 




Concerns surrounding the dependence on rogue states for oil as well as the recent spike in 
oil prices have resulted in widespread efforts to secure new domestic sources of energy.  These 
sources include, but are not limited to, corn ethanol, diesel derived from soybean oil and other 
fats, and wind, solar, and hydrogen energy.  All of these, with the exception of hydrogen energy, 
are being produced at the commercial scale, albeit in relatively small quantities.  Another 
potential source being studied is biomass.  Biomass is defined as any plant or plant-derived 
material, and includes anything from corn stover and forest residue to animal manure and urban 
waste (Perlack et al., 2005).   
This work presents the results of an investigation into the economic and environmental 
feasibility of harvesting biomass for the purpose of converting it to fuel ethanol at two biomass-
to-ethanol conversion facilities in Minnesota.   One facility was assumed to be located in 
southern Minnesota and would rely on corn stover (cobs, shucks, stalks, and leaves) as its   3 
feedstock.  The second was assumed to be located in northern Minnesota and would rely on 
hardwood forest residue (growing-stock tree tops and limbs and non-growing stock bolewood, 
tops, and limbs) as its feedstock.  County-level harvest, transportation, and other key costs were 
estimated and supply functions derived for each feedstock.  Furthermore, emissions of key 
pollutants were estimated for the harvest process.  Results are presented for five output levels for 
each plant:  25, 50, 100, 150, and 200 million gallons of ethanol annually.     
Availability of Corn Stover 
It was assumed that a corn stover-to-ethanol facility, located in Fairmont, Minnesota, 
would be able to draw stover supplies from Minnesota counties and border counties in Iowa, 
South Dakota, and Wisconsin.  Harvest was restricted to those counties with average annual corn 
production of at least 10 million bushels (see Figure 1).
1  County-level estimates of corn stover 
were derived from USDA-NASS county corn acreage and yield data for the years 2000-2004.  
Bone-dry weight of a bushel of corn grain was assumed to be 47.04 lbs.
2   
It is estimated that just over 41 million dry tons of corn stover is produced annually 
within the study region.  However, only a fraction of this total is expected to be harvested.      
First, the amount of stover available for harvest is limited by technical harvest efficiency.  The 
harvest method assumed in this paper assumed that when the grain was harvested, the combine 
spreader would be on and the plant material exiting the combine would be scattered behind it.  A 
stalk shredder would then shred the stover, including the anchored stalks, and a rake would be 
                                                 
1 The resulting study area covers a total of 54,252 square miles.  None of the Wisconsin border counties met this 
threshold. 
2 There is, apparently, some controversy surrounding this ratio.  Larson, Holt, and Carlson (1978) based their “dry 
weight” ratio on a bushel weight of 56 lbs.  This weight is generally associated with a grain moisture content of 15.5 
percent, thus their ratio implicitly assumes that the stover will have an equal moisture content.  This implicit 
assumption is confirmed somewhat by the results of Womac, Igathinathane, Sokhansanj, and Pordesimo (2005), 
who report a stover moisture content of 16 percent when grain is combine-harvested at 15 percent moisture.  Thus, 
for bone-dry weight, one should multiply the quantities of stover calculated using the 56 lbs/bu standard by 
approximately 0.84.  Other studies, however, have based their bone-dry estimates on the 56 lb/bu figure, thus over-
estimating the amount of dry stover actually available.    4 
used to windrow the stover.  The stover would then be baled using a large rectangular (square) 
baler.  It was assumed that this method collected 40 percent of total stover.
3   
Additionally, some amount of stover would need to remain in the field to mitigate soil 
erosion.  These quantities were taken from Walsh (2005), who estimated quantities of stover 
necessary to remain in the field under specific tillage regimes.  Estimates accounted for wind and 
water erosion, and were estimated such that erosion was kept at or below tolerable soil-loss 
levels.  Given the technical harvest efficiency noted above, it was found that under current tillage 
practices, erosion constraints limited the quantity of stover that could be collected in counties 
along the Mississippi River, some in northern Minnesota, Plymouth County in northwestern 
Iowa, and all of the South Dakota study counties.  Under no-till, erosion was a limiting factor 
during just one of the five years of yield data for only a handful of counties in Minnesota, Iowa, 
and South Dakota.  Thus, erosion constraints effectively eliminated the South Dakota counties as 
sources of stover under current tillage practices.  However, erosion was not a limiting factor in 
any of the major corn-producing counties in the study, which lie primarily in southern Minnesota 
and northern Iowa. 
In general, it was found that choice of tillage practice did not affect the quantity of stover 
harvested; rather, the binding constraint in the major corn-producing counties was harvest 
technology.  I.e., no-till made more stover available for harvest relative to current tillage 
practices, but the technology used for harvest was not able to take advantage of this increase.  
Thus, for the major corn-producing counties, quantities harvested under the current tillage and 
                                                 
3 This may be a conservative estimate.  Schechinger and Hettenhaus (2004) reported that this collection method 
collected up to 70 percent of total stover; however, they also report that the average amount collected in the part of 
the project that relied more heavily on this method averaged 1.55 dry tons/acre, which is not necessarily consistent 
with a 70-percent estimate.  Seventy percent implies a total stover quantity of 2.21 tons, which is about half of the 
total estimated for counties in this study.   Using their 1.55 ton figure and the average quantity of stover produced 
estimated here (3.85 tons/acre), we get a figure of 40 percent.   5 
no-till regimes were identical.  To simplify discussion here, however, the results presented 
assume that the current tillage practices were in force.   
    Finally, it is expected that not all farmers would market their stover, at least not 
initially, and not from the same field every year.  Without any concrete evidence as to what 
percentage of fields would actually be available for stover harvest, however, an arbitrary 
participation rate of 50 percent was assumed.  After accounting for erosion, technology, and 
participation constraints, it is estimated that only 7 of the total 41 million tons of stover produced 
in the study region (i.e., 17 percent) would actually be harvested each year.  Thus, it would be 
physically feasible to produce about 627.5 million gallons of ethanol annually.
4     
It was assumed that a single large-scale storage site would be located in close proximity 
(i.e., <0.25 mile) to the conversion plant.  Distance from each Minnesota county was based on 
travel distance from the county seat to Fairmont (State of Minnesota, 1976).  Distance from each 
county seat for border states was calculated using the Rand-McNally online travel distance 
calculator (2005).  It was assumed further that all baled stover would be staged at the field edge 
then transported to a single storage site near the conversion plant by semi trucks.   
Harvest costs were estimated by developing a machinery set based on previous literature 
and consultation with industry experts (Perlack and Turhollow, 2003; Richey, Liljedahl, and 
Lechtenberg, 1982; Sayler and Von Bargen, 1993; Schechinger and Hettenhaus, 2004; and 
Sokhansanj and Turhollow, 2002).  All machinery costs were estimated using the machinery cost 
estimator spreadsheet developed by Lazarus and Selley (2005).  Although harvest costs differed 
from one county to the next, the average was $22.76 per ton among counties harvesting at least 
1,000 lbs of stover per acre.   Transportation costs were estimated using the shortest highway 
distance from each county seat to the proposed conversion facility location of Fairmont, 
                                                 
4 This figure is based on a conversion rate of 89.7 gallons ethanol per dry ton of stover (Aden et al., 2002).   6 
Minnesota.  Costs per loaded mile were taken from the USDA-AMS Grain Transportation 
Report (2006), which estimates costs at $3.60, $2.35, and $1.90 per loaded mile for one-way 
trips of 0-25, 26-100, and >100 miles, respectively.  It was assumed that each truck was able to 
transport 22.4 dry tons of baled stover per load.  Also included in the cost of corn stover is a 
payment to the farmer for replacement of nutrients removed with the stover.  This payment of 
$3.53 per ton of removed corn stover was estimated using fertilizer prices reported by USDA-
ERS (2005) and the average of nutrient removal rates reported by Larson, Holt, and Carlson 
(1978); Nielsen (1995); and Schechinger and Hettenhaus (2004).  Key parameters used to derive 
these estimates can be found in Table 1; additional details can be found in Petrolia (2006a). 
Availability of Forest Hardwood Residue 
It was assumed that hardwood residue for a plant located in Hibbing, Minnesota, would 
be taken from major wood-producing counties in Minnesota, Wisconsin, and Michigan’s Upper 
Peninsula (see Figure 2).  It was decided that a threshold of 20,000 green tons of annual residue 
production be used to exclude harvest from sparsely populated counties, where it was assumed 
that harvest would be relatively expensive and perhaps physically infeasible.
5  Residue quantities 
were estimated using 2000-2004 annual county-level volumes of total wood product (Piva, 
2006).  See Table 2 for conversion rates and other parameter values.  Residue quantities 
available were based on published quantities of roundwood product, following a method used by 
Berguson, Buchman, and Maly (2005).  Miles, Chen, and Leatherberry (1992) report totals for 
all live tree biomass on timberland for hardwood species by biomass component for Minnesota 
for the year 1990.  The percentage of total biomass was calculated for each tree component, then 
the shares for growing-stock tops and limbs, and non-growing stock boles and tops and limbs 
were summed, and this share was considered the share available as residue.  To be able to 
                                                 
5 The resulting study area covers a total of 97,335 square miles.   7 
estimate residue quantities as a function of roundwood product, this share was then divided by 
the share attributed to growing-stock boles to arrive at an estimate of the share of total tree 
biomass that can be considered residue based on the quantity of growing-stock boles (i.e., 
roundwood product).   
It is estimated that just under 6.5 million dry tons of hardwood forest residue is produced 
annually in the study region.  Only a fraction of this would actually be harvested, however.  
Following Berguson, Buchman, and Maly (2005), the totals based on the above estimates were 
reduced by 25 percent to provide waste for nutrient replenishment and wildlife habitat, as well as 
other miscellaneous losses that occur during the harvest process.   Furthermore, estimates were 
reduced by a percentage representing the rate of participation in residue harvest by forestland 
owners.  Because no information is available regarding willingness to participate, an arbitrary 
rate of 75 percent was assumed for the amount of forestland actually available for harvest in the 
base case.  After adjusting for these factors, it is estimated that only 3 million dry tons of 
hardwood residue (46 percent of the total produced) could be harvested annually in the study 
region.  Thus, it would be physically feasible to produce about 246.5 million gallons of ethanol.
6 
 Harvest costs were based on those of Burguson, Maly, and Buchman (2002), who 
estimated costs of owning and operating a grinding systems for forest harvest residues in 
northern Minnesota.  A loader would also be needed for the operation, and total grinding cost, 
including procurement, loader, and stacking costs, was estimated at $8.00 per green ton.  
Average stumpage cost for residue was estimated to be $2.50 per green ton.  Total harvest cost, 
before transportation, therefore, was estimated at $10.50 per green ton.  Costs were not location 
specific; therefore, per-ton harvest cost is identical for each county.   
                                                 
6 This figure is based on a conversion rate of 81.0 gallons of ethanol per dry ton of wood residue (“Future Case, 
Year 2005”; Wooley et al., 1999).   8 
Transportation costs were estimated using the shortest highway distance from each 
county seat to the proposed conversion facility location of Hibbing, Minnesota.  In the absence 
of logging-specific transportation costs, costs per loaded mile were taken from the USDA-AMS 
Grain Transportation Report (2006), which estimates costs at $3.60, $2.35, and $1.90 per loaded 
mile for one-way trips of 0-25, 26-100, and >100 miles, respectively.  These trucking costs are 
consistent with those reported by Burguson, Maly, and Buchman (2002).  It was assumed that 
each truck was able to transport 27.5 green tons of chips per load. 
A substitute for hardwood residue in the biomass-to-energy process is market pulpwood.  
It is expected that at some quantity level, the cost of delivered chipped residue will approach, 
equal, and eventually surpass that of market pulpwood.  Thus, it is at this critical quantity level 
that feedstock demand would switch from purchasing additional residue to purchasing market 
pulpwood.  Hence, the market pulpwood price would serve as the backstop price for the wood 
feedstock market for the proposed facility.  Price estimates for U.S. market pulpwood were taken 
from the 2003-2004 Pulp & Paper Global Fact & Price Book (Paperloop, 2004).  The average 
quarterly delivered cost of hardwood roundwood pulpwood during 2000-2003 was $49.31 per 
dry ton.  Assuming that market pulpwood would arrive at the plant in log form, it would be 
necessary to chip or grind the logs before use in the conversion facility.  A grinding cost of $6.37 
per dry ton was assumed, which is equal to the estimated grinding cost for field operations.  
Therefore, cost of chipped market pulpwood at the plant was assumed to be $56 per dry ton.  
Key parameters used to derive these estimates can be found in Table 1; additional details can be 
found in Petrolia (2006b). 
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Results 
  Table 3 contains the corn stover and hardwood forest residue requirements for each 
ethanol output level, the marginal cost per ton of biomass harvested and delivered, and the cost 
per gallon attributed to biomass harvest and transport; Figures 3 and 4 show the geographic 
distribution of the results for the corn stover and hardwood residue facility, respectively.   
 Generally, harvest and delivery costs for corn stover were lowest in counties with high 
yields and in close proximity to the conversion facility.  Results show that a 25-million gallon 
facility could be supplied by corn stover from just two counties, with a marginal transport 
distance of 18 miles (one way), and by relying on just 20 percent of the total stover produced in 
those counties.  A doubling of this plant size would require more than twice as many counties 
(five), with just under double the marginal transportation distance.  Marginal cost would increase 
by $2 per ton (6 percent) and $0.03 per gallon of ethanol (8 percent).  Further increases in 
ethanol output resulted in similar increases in marginal cost, number of counties, and transport 
distance.  Note well that total stover supplied by each county under the output levels considered 
here represented only 20 percent of total stover produced in that county, respectively. 
 For hardwood residue, harvest costs were identical between counties because no county-
specific yield data were available.  Therefore, the difference in cost between counties was 
transportation cost, and thus, counties nearer to the conversion facility had lower total delivered 
costs.  Results show that a 25-million gallon facility could be supplied by stover from two 
counties, with a marginal transport distance of 35 miles (one way), and by relying on 56 percent 
of the total stover produced in those counties.  A doubling of this plant size would require more 
than thrice as many counties (7), at more than double the marginal transportation distance.  
Marginal cost would increase by $8 per ton (32 percent) and $0.10 per gallon of ethanol (32   10 
percent).  Another doubling of output to 100 million gallons would require residue from more 
than thrice as many counties, with just under double the marginal transportation distance.  
Marginal cost would increase by $9 per ton (27 percent) and $0.10 per gallon (24 percent).  Yet 
another doubling to 200 million gallons of ethanol output would require residue from thrice as 
many counties, at just under double the marginal transportation distance.  Marginal cost would 
increase by $20 per ton (48 percent) and $0.26 per gallon (51 percent).  Note well that marginal 
residue cost would exceed the market price of pulpwood (adjusted for chipping cost) at 168 
million gallons; thus, under the current assumptions, output beyond this level would not come 
from residue, but rather, from market pulpwood.  These costs are provided so that the reader may 
be aware of what residue costs would be in the absence of alternative feedstocks such as 
pulpwood.   
Figure 5 contains supply curves for corn stover and hardwood forest residue for the 
respective conversion facilities, up to 225 million gallons of annual ethanol output.  This figure 
highlights the difference in marginal cost increases between the two feedstocks.  Note well that 
the switch from hardwood residue to market pulpwood for the northern Minnesota facility is 
represented by the horizontal part of the supply function at $56 per ton.    
Twenty-seven million gallons of ethanol could be produced from forest residue annually, 
using residue from just the two nearest counties, at a marginal cost of $25 per ton ($0.31 per 
gallon), which is about $10 less than that of corn stover at this output level.  Around the 80-
million-gallon output level, marginal cost of corn stover and forest residue would be about equal, 
less than $40 per ton.  Beyond this output level, however, forest residue becomes increasingly 
more expensive relative to corn stover, being as much as $15 per ton more at the 150-gallon 
output level.     11 
 This last point is not to be taken as justification to support the use of corn stover rather 
than forest residue, because they are not considered competing substitutes in this analysis; rather, 
it is simply to highlight the difference in the progression of marginal cost as more feedstock is 
demanded.  These results indicate that corn stover can be supplied for just about any reasonable 
output level at a marginal cost within a $9 window ($33-$42, or $0.36-$0.46 per gallon), 
whereas marginal cost for forest residue lies in a much larger range, from less than $25 per ton 
($0.31 per gallon) at low output levels to more than $55 per ton ($0.68 per gallon) at higher 
levels.  In short, these results imply that feedstock cost would not be an issue in determining 
optimal facility size for the corn stover plant, but that it would indeed be a major factor with 
regard to a forest residue conversion facility.  In fact, with regard to forest residue, these results 
may support the argument for locating multiple smaller-sized conversion facilities rather than a 
single larger-sized one.  Comparing Figures 3 and 4 makes clear the reason for these differences:  
corn stover sufficient to supply a 200-million gallon facility would come from an 11,000 square 
mile
 area, with a marginal transportation distance of 78 miles, whereas that of forest residue 
would be 76,102 square miles and 333 miles, respectively. 
Emissions 
Direct emissions from corn stover and forest residue harvest can be attributed to the fuel 
consumed by harvesting and transportation equipment.  Emissions for a farm tractor burning 
conventional diesel fuel (for corn stover) and for a tub grinder and loader (for forest residue)  
were estimated for carbon dioxide (CO2), carbon monoxide (CO), methane (CH4), nitrogen 
oxides (NOx), nitrous oxide (N2O), particulate matter up to 10 micrometers in size (PM-10), 
sulfur oxides (SOx), and volatile organic compounds (VOCs) (Table 2).  Emissions factors were 
taken from the Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation   12 
(GREET) model, version 1.7 (Wang, 2005).  Estimates include emissions due to direct burning 
of the fuel as well as emissions due to fuel production and distribution.  Additionally, carbon 
dioxide, methane, and nitrous oxide quantities were combined into a single greenhouse gas 
(GHG) category measured in CO2-equivalent units based on global-warming potential.  Methane 
units were converted using a 23:1 ratio (i.e., 1 unit of CH4 is equivalent to 23 units of CO2), and 
for nitrous oxide, a 296:1 ratio (IPCC, 2001).  These factors were then multiplied by the fuel 
usage estimates to obtain emissions per ton of stover. 
  For transportation emissions estimates, the same diesel fuel emissions factors described 
above were used, except they were based on Wang (2005) estimates for a Class B diesel truck 
(Table 3).  An average fuel efficiency of 6.0 miles per gallon of diesel fuel for freight trucks was 
assumed.  It was assumed that each truck would travel to the plant with a full load and return to 
the original location empty.   
When considering the quantity of carbon emitted for a given process, the analysis will be 
more complete if one also includes indirect carbon emissions.  These include the emissions due 
to the manufacturing of the machinery used to harvest the feedstock or the manufacturing, 
transport, and distribution of fertilizers used on the farm.  These sources are included because it 
can be argued that were it not for the feedstock-harvesting process, these pieces of equipment, 
for example, would not have been produced. 
 The first source of indirect emissions is manufacturing of the harvest and transport 
machinery used in the harvest process.  Weight in pounds of machinery was taken from various 
published machinery specification tables and converted into kg.  Energy required to produce raw 
steel, 41 MJ/kg, was taken from Fluck (1992) (Table 5).  To simplify otherwise arduous 
calculations, it was assumed that all of the weight of the machinery was attributed to steel.   Also   13 
taken directly from Fluck (1992) were the estimated energy requirements to manufacture specific 
pieces of machinery in MJ/kg (Table 5).  Because only selected pieces of machinery were given, 
the energy requirements of some of the machinery modeled here were based on the most similar 
machine listed.  Total emissions over the entire process were calculated by multiplying total 
energy requirements, in MJ, by the number of pounds of emissions per MJ of energy (0.024 lbs 
C/MJ).  Emissions were assumed to be attributed only to the electricity needed to power the 
manufacturing plants of both the raw steel and the final product.  These emissions factors, the 
fuel-cycle emissions of electricity generation in BTU/gram at user sites (wall outlets, assuming 
U.S.-average energy sources), were taken from Wang (2005).  Thus, any emissions due to the 
manufacturing process itself were not included.  Emissions per hour of use were calculated by 
dividing total emissions by the total number of life-hours or life-miles.   
 Additionally, when corn stover is left in the field, plant nutrients contained therein 
eventually make their way into the soil as the residue decomposes.  Thus, when the stover is 
harvested those nutrients are removed with it, and hence unavailable to the subsequent year’s 
crop.  Therefore, a potential cost to the farmer is that of replacing these nutrients with the use of 
artificial fertilizers in order to maintain soil nutrient levels.  The crop nutrients of interest are 
nitrogen, phosphorus, and potassium.  However, because in this analysis it was assumed that 
soybeans always follow corn, nitrogen does not need to be replaced.  The average replacement 
quantities cited in the literature is 6.20 lbs of phosphate and 33.01 lbs of potash per ton of stover 
removed (Larson, Holt, and Carlson (1978); Nielsen, 1995; Schechinger and Hettenhaus, 2004).  
Emissions factors for the production, processing, and transport of fertilizers in grams per gram of 
fertilizer were taken from Wang (2005) and multiplied by the replacement fertilizer quantities to   14 
arrive at estimated emissions per tons of harvested stover.  No nutrient replacement needs were 
assumed for forest residue. 
 Table 4 contains the estimated emissions for each pollutant for harvest of corn stover and 
hardwood forest residue, as well as vehicle-use emissions for E-85 (85 percent denatured 
ethanol, 15 percent petroleum gasoline).  Vehicle-use emissions for burning a unit of E-85 in a 
flex-fuel vehicle were used as proxies for burning a unit of denatured ethanol derived from 
biomass (Wang, 2005).
7  Summing harvest emissions for a given biomass feedstock at a given 
output level with vehicle-use emissions for E-85 yields reasonable “well-to-wheels” emissions 
estimates for the biomass-derived fuels.  For example, well-to-wheels emissions would be 0.90 + 
0.20 = 1.10 pounds per gallon of ethanol from a 25-million-gallon corn-stover facility.  These 
estimates can then be compared with the reported well-to-wheels emissions estimates for 
conventional petroleum gasoline.  Although our biomass emissions estimates do not include 
emissions due to ethanol production and delivery, it is true that almost all of the CO2 emitted 
during ethanol production originates from the biomass, which, following convention, are not 
counted as new emissions because they were removed from the atmosphere by the biomass in the 
first place.  Furthermore, emissions due to delivery of the ethanol to the pump are 
inconsequential for the present purpose.  Emissions are presented in terms of pounds per gallon 
so as to facilitate comparison.  Well-to-wheels emissions estimates for gasoline were taken from 
the GREET model, and converted to pounds per gallon assuming fuel efficiencies of 24.8 and 
26.0 miles per gallon of petroleum gasoline and E-85, respectively (Wang, 2005).   
                                                 
7 The difference between vehicle emissions from a unit of 100-percent denatured ethanol and E-85 are minor, and 
insignificant with regard to the comparison made here.  The reason E-85 estimates were used here is because they 
were readily available (pure ethanol would not be burned in today’s standard flex-fuel vehicles), whereas emissions 
estimates attributed strictly to the ethanol part of E-85 were not.    15 
For every gallon of gasoline displaced by biomass-derived ethanol, there would be an 
order of magnitude reduction in greenhouse gases.  SOx emissions, however, would increase 
relative to the conventional petroleum gasoline scenario.  NOx, CO, and VOC emissions would 
remain about the same or increase slightly under both feedstock types.  Particulate matter 
(PM10) would remain the same under corn stover but would increase from zero to 0.01 lbs per 
gallon under the forest residue scenarios.  These results indicate, therefore, that in terms of 
greenhouse gas emissions reductions, ethanol derived from corn stover or forest residue can 
result in huge gains, but would result in net increases in SOx emissions.  With regard to other 
pollutants, however, there does not appear to be any major gains or losses. 
Conclusions 
This work estimated that a combined 200 million gallons of ethanol could be derived 
from corn stover and hardwood forest residue at a delivered feedstock cost below $40 per ton.  
Furthermore, this work indicates that large-scale substitution of petroleum gasoline with 
biomass-derived ethanol would have huge impacts with respect to reducing greenhouse gas 
emissions, although SOx emissions would increase.  Further research is needed to determine 
whether the gains made in GHG reductions would justify the increases in SOx emissions.       
Whether the costs indicated here are sufficiently low to allow for a profitable biomass-to-
ethanol plant to exist is another question.  The answer to such a question would require a detailed 
analysis of plant operations, including investment and operating costs, and market opportunities 
for plant output.  This work simply indicates how much biomass would be required for a range of 
typical plant sizes, whether such quantities would be available under reasonable assumptions, 
and how much it would cost to acquire these residues for the proposed facilities.  However, a 
simple comparison can be made to corn grain, the dominant ethanol feedstock in the United   16 
States.
8  Nicola (2005) estimated production costs between $1.26 and $1.42 per gallon for a 
typical 50MM gallon corn-to-ethanol conversion facility.  Aden et al. (2002) estimated 
production costs, excluding feedstock, for a 69-million annual gallons corn-stover–to-ethanol 
facility between $0.88 and $1.17 per gallon, and Wooley et al. (1999), under a “future case – 
Year 2005”, forecasted production costs, excluding feedstock, of a 62.2-million gallon wood-to-
ethanol conversion facility of $1.17 per gallon.
9  Adding to their results the estimated marginal 
costs of biomass for the 50-million gallon plants reported here ($0.41 per gallon), the estimated 
production cost for a corn stover facility would range between $1.29 and $1.50 per gallon, and 
for the wood residue facility, about $1.58 per gallon.  Thus, using this simple comparison, it is 
apparent that ethanol derived from corn stover would be cost competitive with corn-grain 
ethanol, and that wood residue-derived ethanol would be about $0.16 per-gallon higher than the 
upper bound for corn-grain ethanol.  Therefore, it is likely that some combination of cost 
reductions and technological improvements in the wood-to-ethanol conversion process would 
reduce these costs and make ethanol from wood residue cost competitive with that of corn grain 
as well. 
This work is limited by its assumptions on collection technology; it is likely that if these 
feedstocks catch on as major fuel sources that new, more efficient techniques will be developed 
that will drive down costs.  Additionally, it is expected that research will lead to more efficient 
cellulase enzymes that will result in more ethanol per ton of biomass, hence reducing the 
quantity of biomass necessary for a given quantity of ethanol.  Finally, if removal of biomass 
                                                 
8Because the location of the facility in the heart of hardwood production would be far removed from that of corn, 
transport costs for corn would likely preclude it as a ready substitute feedstock.  The comparison, however, is still 
valid and informative. 
9 These costs have been converted to Year 2005 dollars, using the “All other inorganic chemical manufacturing” 
producer price index (US Dept. of Labor).  The “all other organic chemical manufacturing” index did not contain 
sufficient data years.     17 
from farm fields and forest lands turn out to have no substantial negative consequences in terms 
of erosion, soil-carbon levels, and field readiness for the next year’s crop, then it is likely that 
more producers will be willing to offer their biomass each year.  All of these have the potential 
for dramatically increasing the quantity of biomass available in close proximity to the plants, and 
hence the potential for substantially lower biomass-derived ethanol costs.   
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Table 1. Base-case parameters used for stover collection and transport 
analysis, for round- and square-bale methods. 
   
General   
Crop Yield Year  2000-04 Avg 
Stover-to-Grain dry-weight ratio  1:1 
Corn grain bushel bone-dry weight, lbs  47 
Farmer Participation Rate  50% 
Stover to Ethanol Conversion Rate, gal/ton  89.7 
   
Collection   
Stover Collection Efficiency  40% 
Bale Size (l x w x h), ft  8’ x 4’ x 3’  
Dry Bale Density, lbs/ft
3   13.98 
Dry Bale Weight, lbs  1,342 
Bale Moisture Content  16% 
Actual Bale Weight, lbs  1,598 
Bales picked by bale picker per hour  24 
Bales moved by telehandler per hour  48 
   
Transport   
Maximum semi cargo load, lbs  46,000 
Semi trailer usable cargo space, ft   9’ x 9’ x 48’  
Bales per semi load  28 
Cargo weight per semi load, lbs  44,800 
Cost per loaded mile (semi-hauled) (0-25 miles)  $3.60 
Cost per loaded mile (semi-hauled) (26-100 miles)  $2.35 
Cost per loaded mile (semi-hauled) (>100 miles)  $1.90 
Unloading/Stacking cost at plant per ton  $1.15 
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Table 2.  Base-case parameters used for forest residue collection and transport analysis. 
   
General   
Residue Harvest Year  2000-04 Average 
Wood Species Considered  All Hardwoods 
Forestland Participation Rate  75% 
County Residue Minimum Threshold, green tons/year   20,000 
Residue as % of Roundwood Product  59% 
Residue as % of Roundwood Product (excl. NGS)  30% 
Wildlife/Nutrient mitigation/Other Deduction  25% 
Residue to Ethanol Conversion Rate, gal/ton (bone-dry)  81.0 
Lbs (green) per ft
3  64.27 (average) 
Dry weight to green weight ratio  0.54 
   
Harvest   
Grinder Cost, per dry ton  $3.44 
Loader cost, per dry ton  $1.96 
Procurement cost, per dry ton  $0.60 
Cost for logger to stack residue on-site, per dry ton  $2.00 
Residue stumpage cost, per dry ton  $2.50 
   
Transport   
Cargo weight, dry ton  27.5 
Cost per loaded mile (semi-hauled) (0-25 miles)  $3.60 
Cost per loaded mile (semi-hauled) (26-100 miles)  $2.35 
Cost per loaded mile (semi-hauled) (>100 miles)  $1.90 
   
Pulpwood   
Pulpwood Price, delivered, per dry ton  $49.31 
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Total Harvest Area 
(sq miles) 
25  278,707  $35  $0.39  18  1,298 
50  557,413  $37  $0.41  35  2,713 
 100  1,114,827  $38  $0.42  52  5,467 
150  1,672,241  $40  $0.45  74  8,369 
200  2,229,654  $41  $0.46  78  11,252 















Total Harvest Area 
(sq miles) 
25  308,642  $25  $0.31  35  8,170 
50  617,284  $33  $0.41  88  17,013 
100  1,234,568  $42  $0.51  173  35,689 
150  1,851,852  $55  $0.68  277  60,494 
200  2,469,136  $62  $0.77  333  76,102 
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Table 4.  Average emissions from harvest and transportation of corn stover and hardwood forest residue at various 
ethanol output levels. 
Ethanol Plant Size (gal/year)  25  50  100  150  200 
           
Avg Emissions, lbs per gallon ethanol  Corn Stover 
GHG (CO2-eq)  0.90   1.00   1.12   1.21   1.26  
Sox  0.03   0.03   0.03   0.03   0.03  
Nox  0.00   0.01   0.01   0.01   0.01  
CO  0.00   0.00   0.00   0.00   0.00  
VOC  0.00   0.00   0.00   0.00   0.00  
PM10  0.00   0.00   0.00   0.00   0.00  
           
Avg Emissions, lbs per gallon ethanol  Hardwood Forest Residue 
GHG (CO2-eq)  0.61   0.91   1.20   1.56   1.89  
Sox  0.00   0.01   0.01   0.02   0.02  
Nox  0.00   0.01   0.01   0.01   0.02  
CO  0.00   0.00   0.00   0.00   0.01  
VOC  0.00   0.00   0.00   0.00   0.00  
PM10  0.00   0.00   0.01   0.01   0.01  
           
Avg Emissions, lbs per gallon ethanol 
 (Wang et al., 2006) 
Conventional Petroleum Gasoline,   
Well-to-Wheels   E-85, Vehicle Use 
GHG (CO2-eq)    26.51       0.23* 
Sox    0.01     0.00  
Nox    0.03     0.02  
CO    0.29    0.27  
VOC    0.02     0.01  
PM10     0.00      0.00   
          * CH4 and N2O only, as CO2 emissions are not counted towards GHG emissions. 
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Figure 1.  Study area considered for corn stover harvest.  Yellow oval denotes conversion facility location. 
   25 
Figure 2.  Study area considered for hardwood residue harvest.  Black over denotes conversion facility location. 
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Figure 3.  Counties of origin for stover to supply conversion facility producing 25 million gallons annually (red), 50 (add 
yellow), 100 (add green), 150 (add blue), and 200 (add purple).  The black oval denotes the location of the conversion facility.   
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Figure 4.  Counties of origin for wood residue to supply conversion facility producing 25 million gallons annually (red), 50 
(add yellow), 100 (add green), 150 (add blue), and 200 (add purple).  The black oval denotes the location of the conversion 
facility.   
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